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Abstract 
A System for Mechanically Testing In-situ Clavicular Fracture Fixation Devices 
Rebecca Lynn Wright 
Joseph Sarver, Ph.D. and David Ebaugh, PT, Ph.D. 
 
 
 
 
 Clavicular fractures account for 35% of all shoulder injuries. These fractures are 
prone to mal-alignment and conservative treatment of these mal-aligned fractures has 
been shown to be a key contributing factor in decreased shoulder function. Although 
surgical correction methods have been developed, it is still unknown what degree of mal-
alignment requires surgical intervention.  
 The purpose of this study was to develop and test an in-situ clavicular fracture 
mal-alignment device to be used in a cadaveric shoulder kinematic study. Ultimately this 
cadaveric study would provide guidance to orthopaedic surgeons on when conservative 
treatment is appropriate, and when surgical intervention is needed. In order to test the 
performance of this device, an ex-vivo mechanical testing platform was developed. 
 The platform was based on a cantilever beam concept where: turkey-tibia bones 
were used as a model of the human clavicle, kinematic markers (Polhemus motion 
capture system) measured displacement along the bone's length, a load cell (OptoForce) 
was placed on the free end to record the force applied, and the mal-alignment device was 
fixed to the bone and spanned the fracture site. The platform was then used to conduct 
several experiments on bone before and after fracture/fixation which examined the effect 
of:  a) specimen variability, b) loading direction, c) device material and d) device fixation 
to bone, on displacement of the distal bone. 
 Maximum displacements were found to be different for the various intact bones, 
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thus all fractured/fixed displacement data were measured relative to intact data for each 
specimen. In addition, maximum displacements of the fractured/fixed bone were found to 
vary according to loading direction, thus displacement data for each loading direction 
were compared separately. Using this approach, the plastic mal-alignment device was 
found to have dramatically larger displacements (43.68mm) than the aluminum device 
(1.51mm). In addition, mechanical fixation was found to have larger displacements 
(9.19mm) than both mechanical/glue (0.72mm) as well as all glue fixation (1.51mm). 
 Ultimately, the testing system was successful at measuring increases in 
displacements of fractured/fixed bone relative to intact, and as such is an ideal platform 
for future mal-alignment device testing. With respect to the mal-alignment device, the 
testing clearly indicated that aluminum material must be used and that proper fixation of 
the device to the bone needs improvement. Future work can now use this platform to 
improve the mal-alignment device such that it can be used in a cadaver study to examine 
the effect of mal-alignment on shoulder kinematics.  
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Chapter 1: Introduction 
 Clavicular fractures account for 35% of all shoulder injuries.[1] Of these, displaced, mid-shaft 
fractures are the most common.[2][3] Recently, decreased shoulder function and low patient satisfaction 
levels have been reported in patients who were managed conservatively for a displaced mid-shaft 
clavicular fracture.[4] One possible cause for these poor outcomes is altered scapulothoracic motion 
secondary to clavicular malunion that occurs as a result of conservative management. However, little 
is known about the effects of clavicular malunion on scapulothoracic motion. A better understanding 
of how scapulothoracic motion is altered in the presence of clavicular malunion would provide 
important information that could be used, in part by orthopaedic surgeons, to determine what types of 
displaced, mid-shaft clavicular fractures need to be treated surgically. 
 The aim of this thesis was originally to develop a guide for orthopaedic surgeons, which 
would recommend when surgical correction of a mid-shaft clavicular fracture was necessary in order 
to avoid future shoulder problems. The plan was to create fractures and malunions in cadavers and 
then measure position of the x, y and z using the Polhemus Fastrak motion capture system to quantify 
the resulting shoulder function as described in Chapter 3. A device was designed to hold the fractured 
clavicles at different malunion positions for this cadaveric study. Construction of the device was 
constrained to materials which were non-ferrous and non-magnetic in order to avoid interfering with 
the Polhemus measurements. The device was also required to hold the fractured ends rigidly, in order 
to simulate a healed, mal-aligned clavicle. The development process of the device and initial testing 
are described in more detail in Chapter 2.  
 Although the original intention was to use intact cadaveric shoulders, a change in direction 
was made due to a lack of cadaver availability. One cadaver was available for preliminary testing and 
the results are described in Chapter 2. Results from this experiment created loads much larger than 
anticipated, and rather than proceed with further cadaveric testing, it was decided to focus on creating 
a system capable of testing various device designs under loads expected in-vivo. Chapter 3 explains 
the system designed to evaluate the device in a controlled environment.  
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 There were two primary objectives for this new research direction. The first was to prove that 
this new testing system was sensitive enough to test various mal-union device designs. Specifically, 
the system was required to detect changes occurring between different conditions. The second 
objective was to determine if the mal-union device was ready to be used in future experiments or if it 
required further improvement. To complete these objectives four experiments were completed. 
 The aim of the first experiment, explained in Chapter 4, was to determine if there was an 
effect of specimen. Because biological samples are all unique in geometries and physical properties, it 
was hypothesized that there would be a significant difference between the specimens. This experiment 
would dictate if normalization of the fractured data to their own intact bone would be required or if 
direct comparison would be acceptable. 
 Chapter 5 explains the second experiment evaluating the effect of loading direction. Loads 
were applied in all six orthogonal directions. Due to the irregular geometry of the device and bones, it 
was hypothesized that each direction would have a different response to loading. The aim of this 
experiment was to identify whether or not there would be a need to analyze the data separately for 
each direction.  
 Because of the Polhemus system's electromagnetic fields, the material of the device must be 
non-ferrous and non-magnetic. Two options for construction were aluminum and ABS plastic. The 
plastic offered several potential advantages. It could be 3D printed, allowing inexpensive, rapid 
production, and easy customization. The aluminum however, provided a greater strength. The aim of 
Experiment 3 was to evaluate the performance of the plastic and aluminum devices to determine 
which could hold the bone most rigidly. Details of this experiment can be found in Chapter 6.  
 Experiment 4, further details of which can be found in Chapter 7, aimed to identify an optimal 
method of fixation. Fixation between both the bolts and the device, and the device and the bone were 
evaluated to determine which allowed the least amount of displacement.  
 The cumulative aim of these four experiments was to identify the combination of device 
material and fixation method which most closely mimicked the bending performance of intact bone. A 
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summary and interpretation of the results can be found in Chapter 8. In addition, future 
recommendations are listed in this final chapter.  
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Chapter 2: Cadaver Device Design and Experiment 
 To investigate the affected scapulothoracic motion after clavicular fracture and malunion, a 
preliminary experiment was designed. The intention of the experiment was to design a device which 
could hold both ends of the fractured clavicle in a cadaver. Select malunions could be recreated and 
held rigidly by this device. The cadaver arm would then be moved through different ranges of 
movement, and the resulting scapular kinematics would be observed using a motion capture system. 
This would allow the determination of how malunions of varying displacement affect shoulder 
function. 
 Before any testing could be done, the device had to be designed and manufactured. This 
device had to be able to hold two ends of a fractured clavicle together and remain rigid enough to 
simulate a healed, mal-aligned clavicle. The device was also required to hold the two halves of the 
fractured bone at different relative offsets to simulate clavicular malunions of different severity. Since 
clavicles range in length from 13.4 – 22.1cm[2], the device needed to be able to accommodate and fit 
onto all of these different sized bones. The motion testing was to be done using an electromagnetic 
field, and therefore the material of the device was restricted to non-ferrous and non-magnetic 
components. Initial versions of the device were manufactured using 3D printed ABS plastic on the 
LulzBot KITTAZ 3D printer (Loveland, Colorado), as they were quickly manufactured and easily 
customizable. Design of the device was centered about the requirement that it be able to create various 
offsets between 0 and 2cm in both the medial and inferior directions, while maintaining the rigidity of 
intact bone. The first design can be seen in Figure 1. 
 This initial design was comprised of four unique parts. The blue vertical post on the left, was 
designed to allow controlled superior/inferior displacement. The post was fixed by drilling holes in the 
bone and cementing bolts through the footplate of the post and into the bone. The blue horizontal post, 
seen on the right had a sideways slot which allowed for controlled medial/lateral displacement of the 
bone. It was fixed to the bone in the same manner. The black bar, seen in Figure 1, spanned the 
fracture and connected the two blue posts. This bar was attached to the posts by screwing into a 
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dovetailed piece which fit perfectly into the slots. As the bolts through the bar were tightened, the 
dovetail became tightly pressed against the post slot, limiting slippage and rotation.  
 
 
 
 
 
 
 With a complete device designed and assembled, it was taken to the cadaver for the 
scapulothoracic testing. Holes were drilled into the clavicle and were filled with bone cement. Bolts 
were then sent through the holes of the posts and into the bone. It was quickly apparent that this 
method of fixation was insufficient. Movement was observed between the bolts and the bone, as well 
as the bolts and the device. In addition to the weak fixation of the device to the bone, flaws were 
observed in the way the device held the ends of the bones. A large amount of rotation was observed at 
the connections between the bar and the posts. The bar itself also bent when loads were applied.  
 Due to these clear weaknesses in performance and fixation, this first cadaver experiment 
could not be completed. We did however, learn about many of the inherent problems which needed to 
be accounted for and resolved. We needed to design a better device which would not rotate or bend 
during loading. We also needed to determine a more effective method of fixation of the device to the 
bone.  
 The design of the device was the first problem addressed. Seen in Figure 2 is the second 
iteration of the device design. Rather than having sliding components which allowed unwanted 
         
Figure 1: Initial device design modeled on fractured bone 
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movement during loading, this design had sets of paired holes at different offset distances. The paired 
holes were designed to limit rotation, while allowing for a thinner base to align on the bone. 
 
 
 
 
 
 
 
 It was decided that this design would not provide sufficient variability in displacement 
distances because displacements were limited to combinations of the pre-set holes. Finer tuning of 
displacements was desired and therefore, another design was required. Returning to the slot feature, 
which allowed a continuous range of displacements, a third version was created as seen in Figure 3. 
 Since there were known issues with rotation about the single bolt through a slot, extensions 
were added to the bar in an attempt to limit rotation. The slots would provide area to slide in both the 
inferior/superior and medial/lateral directions. The primary concern with this design was the large 
horizontal post footplate area. It was thought that this would be too large to fit onto all clavicles. This 
led to the fourth version of the device, seen in Figure 4. This design contains essentially the same 
features as the third iteration. The primary alteration was the switch of slot location from the 
horizontal post to the bar. This change allowed the horizontal post to have a smaller foot-plate, which 
ultimately allowed it to be used on clavicles with a wider range of sizes. 
Figure 2: Second iteration of design shown with paired holes to reduce rotation about the 
bolt.  
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The device then needed to be manufactured out of aluminum in order to test a stronger, non-ferrous, 
non-magnetic material. Before machining, one final edit was made to the design, which can be seen in 
Figure 5.  
Figure 3: Third device design shown with rotation blockers located on connecting bar 
and sliding channels through the blue bone posts.  
Figure 4: Fourth design of the device shown with smaller horizontal support and reversed 
locations of horizontal sliding bar and rotation blocker.  
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 Figure 5 shows the final design of the device created. On the horizontal post, an additional 
extension was added on the bottom edge of the bar to limit rotation about the single bolt. The same 
was done on the vertical post side of the bar. These edges surround the vertical post and also restrict 
motion. The holes opposite the slots were tapped, allowing the use of bolts, with the goal of making a 
tighter fit after setting the displacements. 
 Once the final device was designed and machined, it was still unclear whether it would be 
capable of withstanding the loads experienced on the clavicle. In fact, it was unclear what exactly the 
loads exerted on the clavicle would be. Since cadveric testing is expensive, and relies on a non-
reusable resource, it was decided that an external testing system would need to be developed. This 
would allow us to extensively test and perfect the device before initiating additional experiments on 
the cadavers.  
 
 
Figure 5: Final device design, manufactured out of aluminum, with double rotation 
blockers 
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Chapter 3: Device Testing System 
 
 
 
 
 
 
 
 
 
 The device testing system was designed to evaluate the functionality of the clavicular fracture 
malunion device in a controlled environment. The sensitivity of the system needed to be high enough 
that differences in the various experimental groups could be detected. Expected differences included 
changes in material, specimen, fixation, and loading direction. In order to accomplish this, two sets of 
data had to be recorded: motion data, and force data. The motion data tracked the displacements of 
points along the bone, and the force data recorded how much force was applied at any moment during 
the trial. When integrated correctly, these two data sets revealed information about the compliance, 
overall displacement, and rotation of the bone/device set-up.  
 Figure 6 shows the configuration of the testing system. One end of the bone is securely fixed 
to the table, while the other end is attached to the load cell. The device is connected to the exposed 
bone, and the Polhemus trackers sit directly on the horizontal and vertical posts of the device, seen in 
Figure 6: Device testing system showing (from left to right): OptoForce Load cell, load 
cell, distal bone, and proximal bone Polhemus trackers, and aluminum device attached to 
the bone.  
 
10 
 
Figure 6 at DB and PB, respectively. A Polhemus tracker is also located on the load cell end of the 
bone, seen at LC.  
Turkey Tibia Preparation 
1. Soft tissues were removed from the bone 
2. The distal and proximal heads of the bone were cut to fit 1” PVC pipe 
3. One end of the bone was potted in a cut piece of 1” PVC pipe and allowed to solidify overnight 
4. The other end was then potted and allowed to solidify overnight 
5. Using a linear template, four 1/8” holes were drilled through the bone 
Apparatus Set-Up 
1. Proximal support was securely clamped to the wooden platform 
2. Distal PVC pot was planted into the distal end support and secured with four set-screws 
3. Proximal end support was affixed to the proximal bone end with four set-screws 
4. Support/device interface plate was attached to the force sensor with four screws 
5. Support/device interface plate was inserted into the distal end support and secured with four set-
screws 
6. Handle plate was attached to the outside end of the force sensor 
7. Polhemus trackers were attached to the distal end support, LC, the horizontal post, DB, and the 
vertical post, PB. 
Polhemus Fastrak System 
 Three-dimensional (3D) kinematic data were collected with the Polhemus Fastrak 
(Colchester, VT). This magnetic tracking device consists of a transmitter, three receivers, and a 
digitizing stylus, all of which are hardwired to the system's electronic unit. The transmitter emits 
electromagnetic fields that are detected by the digitizer and receivers. The system's electronic unit 
determines the relative orientation and position of the receivers and this information is sent to a 
computer where the data are collected. 
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OptoForce 3D Force Sensor 
 The OMD-30-FA-600N 3D is a load cell sold by OptoForce (Budapest, Hungary). It is able to 
measure loads in the ±x, ±y, and ±z directions. The sensor's limit is 600N of compression in +z, and 
100N in ±x and ±y. OptoForce also provides software which displays the magnitude and direction of 
the applied loads in real time. The software is capable of recording the forces applied during time 
collected.  
 The OptoForce software displays the magnitude of the applied loads in bits rather than 
directly displaying Newtons. We therefore conducted an experiment to obtain the proper conversion 
equation to determine how many Newtons are being applied during trials. The sensor was placed with 
one plate on the table. Weights ranging from 200g to 1.2kg were loaded onto the force sensor, and the 
resulting readouts were recorded. This was done three times and the average of the recordings were 
used to find the slope, or conversion rate.  
Loading Protocol 
1. Polhemus data acquisition program was started 
2. OptoForce data acquisition program was started 
3. Load was applied in one direction by pushing the load cell handle until 50N was displayed on the 
OptoForce software 
4. Pushes were repeated three times in a single direction to complete a trial 
Data Integration 
 After a trial was run, two associated files were saved: one containing motion data from the 
Polhemus system, and the other from the OptoForce load cell. Because the collection of the OptoForce 
data and the Polhemus data necessitated using separate programs, the data needed to be integrated 
with one another before it could be used. This meant converting the time into a consistent unit. The 
data also needed to be synchronized, as the collections did not start at the exact same time point in the 
trial.  
 Another consideration was that the OptoForce and Polhemus coordinate systems were not in 
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the same orientation. The Polhemus coordinate system was global from the receiver box. The load cell 
however, had a coordinate system relative to its own center point. The resulting outputs were therefore 
limited to magnitude of displacement.  
 Two pieces of software were written in Matlab to create interpretable data. The first program, 
“phlof_combo.m”, prompted the user to select the start and end of each “push” from the force sensor 
data, as seen in Figures 7 and 8. The software then prompted the user to select the first peak or trough 
on the Polhemus data as seen below in Figure 9. Ultimately this program synchronized the two sets of 
data. In addition, it broke them up into the appropriate number of cycles per trial. The synchronized, 
overlapping graphs can be seen in Figure 10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: User prompt for selection of beginning and end of each 
cycle 
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Figure 8: Blue/Pink crosses identify user's selected points 
Figure 9: User prompt for selection of first peak/trough of 
Polhemus data 
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 The results from this program were saved and entered into the next program, called 
“cyc_osis.m”. This program returned average values for compliance, displacement, and rotation for 
each kinematic marker location along the bone. These outputs were the critical data used in the 
analysis. 
 This testing apparatus is characteristic of cantilever bending, whose performance can be 
described by the equation,𝛿𝛿 = 𝐿𝐿3⋅𝑃𝑃
3⋅𝐼𝐼⋅𝐸𝐸
, where:  
 L describes the distance from the fixed point to any point of interest along the bone  
 P is the amount of force being applied at L  
 I is the area moment of inertia of the bone's cross section 
 E is the elastic modulus of the bone  
Figure 10: Overlay of Polhemus motion and OptoForce loading 
data after time adjustment 
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P and L were easily measurable, whereas I and E were more complex. Because I, the area moment of 
inertia of cross sectional area, was directly related to the geometry of the bone, I will vary for each 
sample. This value became incalculable once the bone fracture and displacement occurred, as the bone 
no longer resembled a single beam. The same difficulties arose with the elastic modulus, E. Once the 
bone was broken and displaced, it became impossible to directly calculate.  
 In a cantilever beam, the length has a cubic relationship to the bending displacement. Because 
the LC tracker position was located the farthest distance from the fixed point, it exhibited the largest 
bending displacement. Experimental bending displacements confirmed this hypothesis, as the load cell 
position exhibited the largest amount of displacement, and can be found in Figure 11. For this reason, 
the LC tracker position was used in all following measures. A study conducted by Iannolo et. al. 
indicated that the average forces exerted on the clavicle during normal movement can range from 5 – 
50 N.[5] We therefore used 50N as our applied load in each trial.  
 
 
  
 
 
 
 
Figure 11: Effect of location along bone on bending displacement 
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Chapter 4: Experiment 1 – Effect of Sample 
Introduction 
 For our first experiment under the new testing system, we wanted to investigate how 
differently the individual intact bones would behave. All of the specimens were biological objects, and 
were therefore innately unique in geometry and property. In the beam bending equation, two variables 
can be greatly affected by the sample specifications. The area moment of inertia of the bone's cross 
section, I, is directly dependent on the geometry of the bone. Since every bone was distinctly shaped, 
this differed with each sample. The length of the beam, which had a cubed relationship, also greatly 
impacted the resulting displacement. Since the bones were of varying lengths, the value of L, used in 
the beam equation above, also changed. Our hypothesis was that the bones would have different 
shapes and sizes, and therefore differ in bending displacement under the same loads.  
Methods 
 Four intact turkey tibia were used in this experiment. 50N loading was applied by hand three 
consecutive times in a single direction. The amount and direction of force being applied was recorded, 
monitored, and displayed by the OptoForce software. This was done for the ±x, ±y, and ±z directions, 
as seen in Figure 6. 
 The Polhemus Fastrak motion data and the OptoForce loading data were integrated using two 
programs which aligned both files to one time rate, and calculated valuable information such as 
displacement, rotation, and compliance, as detailed in Chapter 3.  
We were interested in seeing if there were significant differences between the four intact bones. 
Displacements at the LC position for each bone were analyzed for all directions and compared. 
A one-way ANOVA and t-tests were run on this data to identify statistically significant differences 
between the samples. 
Results 
 All four specimens were compared at the LC position. The one-way ANOVA test indicated 
that the effect of specimen was significant.  
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 Over all directions, Bone 1 showed the lowest average displacement, while Bone 2 exhibited 
the greatest amount of bending displacement. The following graph, Figure 12, shows the comparison 
between specimens with force applied in the negative x direction. Bone 2 exhibited significantly larger 
bending displacement than bone 4, with a p-value < 0.001. Bones 1 and 3 were not found to be 
statistically significant in their displacements from any of the four bones with p-values greater than the 
alpha of 0.08.  
 Figure 13, shows the comparison between specimens with force applied in the positive x 
direction. The bending displacements of bones 1 and 2 exhibited a statistically significant difference 
with a p-value of 0.006. Bones 3 and 4 also exhibited statically significant displacements with a p 
value of 0.001. No other significant displacements were found when force was applied in this 
direction.  
 
 
 
 
 
 
 
 Figure 14 shows the comparison between specimens with force applied in the negative y 
direction. The bending displacements of bones 3 and 4 exhibited a statistically significant difference 
with a p-value of 0.003. Bones 1 and 2 were not found to be statistically significant in their 
displacements from any of the four bones with p-values greater than the alpha of 0.08. 
Figure 12: Bone comparison in x-negative direction at the load cell position 
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 Figure 15 shows the comparison between specimens with force applied in the positive y 
direction. The bending displacements of bones 1 and 2 exhibited a statistically significant difference 
with a p-value of 0.003. Bones 1 and 4 also exhibited statically significant displacements with a p 
value of 0.006. No other significant displacements were found when force was applied in this 
direction.  
Figure 14: Bone comparison in the y-negative direction at the load cell position 
 
Figure 13: Bone comparison in the x-positive direction at the load cell position 
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Discussion 
 A significant difference in specimen was observed when force was applied in each loading 
direction. This dictated that for data obtained from fractured bones no comparisons could be directly 
made between bones, because their intact performances were different. The goal of the device was to 
ensure that the fractured bone bent as though it were intact. Due to the results of this experiment, 
subsequent analysis were conducted by first normalizing all fractured data to the bones' original 
intact performances. This was done by subtracting the displacement data of the intact bone from the 
displacement data of the same bone after fracture. 
 
 
 
Figure 15: Bone comparison in the y-positive direction at the load cell position 
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Chapter 5: Experiment 2 – Effect of Loading Direction 
Introduction 
 In the previous experiment with intact bones, the maximum displacement under load varied 
between the different loading directions. This could have been due to the irregular geometry of the 
bone, directly affecting the area moment of inertia of the bending equation. In addition, the length was 
also directly dependent upon the specimen, as potting depth and sample length varied. Post fracture, 
the device was the only support across the break. In this case, it was clear that the area moment of 
inertia was different for each direction, due to the asymmetric design of the device. Because of this, 
we hypothesized that each loading direction would have a different effect on the bending 
displacement.  
Methods 
 The four intact bones used in the previous experiment were fractured using a bone saw in the 
middle third of the bone. The device was tightened to hold as rigidly as possible, and then the 50N 
loads were applied in each direction. All of the fracture data were normalized to each bone's intact 
bone displacement data. Each direction is counted as a group and was analyzed by a one-way 
ANOVA and t-tests.  
Results 
 One-way ANOVA were run for normalized data for each bone. The ANOVA results for bone 
1 returned no statistically significant effect of loading direction. The remaining three bones however, 
did show statistically significant variation in behavior depending on loading direction.  
 For Bone 2, negative x showed significantly greater displacement compared to all other 
directions, as seen in Figure 16. Positive x showed significantly greater displacement than the positive 
and negative y directions. The negative y loading direction showed no significant difference from the 
bending displacement of positive y.  
 Figure 17 shows the effect of bending direction on bone 3. The statistical difference was 
observed between loading in the positive x and negative y directions. Negative x and positive y 
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exhibited no statistically significant difference in displacements when compared to other directions. 
Figure 18 shows the effect of bending direction on Bone 4. Statistical differences were observed 
between loading in the positive x all other directions. No other significant comparisons between 
direction could be made.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 16: Direction comparison of Bone 2 at the load cell position 
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Discussion 
 The findings showed that for each bone, differences in displacement occurred both between 
and within the directions, meaning positive and negative x and y were different from each other and 
Figure 17: Direction comparison of Bone 3 at the load cell position 
 
Figure 18: Direction comparison of Bone 4 at the load cell position 
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themselves. This could have been due to the design of the device and the geometry and bending 
properties of the bone. Given these results, analysis were conducted separately for each direction. 
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Chapter 6: Experiment 3 – Effect of Material (P+Al / Al+Al) 
Introduction 
 Recall, that the devices being tested were meant to be used in cadaveric shoulder kinematic 
studies using the Polhemus system. Due to the Polhemus Fastrak system using electromagnetic fields 
to take measurements, construction material for the device was limited to non-ferrous and non-
magnetic materials. 3D printed ABS plastic, with an elastic modulus ranging between 1.4-3.1 GPa, 
was readily available, fast to manufacture, and easy to customize. Aluminum was more rigid with 69 
GPa, although more expensive and slower to machine. Due to the great differential between the elastic 
moduli, we hypothesized that the aluminum device would exhibit less displacement in all directions 
after normalization than the plastic set-up. 
Methods 
 Two of the bones tested in Experiment 1 were used in this experiment. Both the plastic device 
and aluminum device were fixed to the bones by sending bolts through the bones and solidifying the 
fixation with glue between the device and the bone. The bones were fractured and loaded at 50N. In 
the set-up with the plastic posts, the plastic bar was replaced with an aluminum bar.  
 This experiment consisted of two experimental set-ups. The first consisted of a glued, 
aluminum device, and the other was a glued plastic device with an aluminum bar component. Prior to 
analysis, the data from each bone were normalized to their intact bone performance before 
comparison.  
T-tests were then conducted for statistical analysis to identify significant differences between bending 
displacements of bones with an aluminum versus a plastic device.  
Results 
 The displacements for the aluminum and plastic/aluminum trials are shown below in Figure 
19. The plastic/aluminum set-up allowed a minimum of nearly 10 times more displacement than that 
of the entirely aluminum device. In all directions the difference between aluminum and plastic 
aluminum were statistically significant, and all had p-values < 0.001.  
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Discussion 
 It was clear that the displacement of plastic/aluminum was extensively larger than that of the 
aluminum. The entirely plastic device (posts and bar) experienced structural failure with loads past 
10N. The aluminum bar provided enough support to undergo 50N loading, but the displacements in 
this experiment for the plastic/aluminum were far from being deemed as acceptable for use in future 
testing. From this experiment, we identified that the aluminum device exceeded the performance of 
the plastic significantly, and was worth the extra cost and time for machining.  
 For any loading tests of future device iterations, they should be directly tested with either 
aluminum or material with similar stiffness. In terms of applying this to the cadaver experiment, the 
amount of time and resources that are required to produce an aluminum device should be taken into 
consideration. It should not be used as a disposable device if at all possible. 
Figure 19: Comparison of bending displacements between plastic posts/aluminum 
bar and an entirely aluminum composition 
26 
 
Chapter 7: Experiment 4 – Effect Of Fixation 
Introduction 
 In the previous experiment, we learned that the optimal material for device construction was 
aluminum. Although the superior performance of the aluminum device greatly outweighed the benefit 
of the convenience of the plastic, the inconvenience of manufacturing an aluminum device needed to 
be accounted for. The aluminum device could not be considered disposable, and therefore, the 
development of a non-permanent fixation method was needed. The fixation was originally done by 
placing glue both into the holes drilled into the bone in addition to between the bottom of the device 
footplate and the bone. Dissolving the glue however, took several hours and would be impossible to 
do without destroying the cadaver tissue surrounding the clavicle.  
 Mechanical tightening was possible in two locations: first, between the bolt and the foot-
plate, and second, between the bone and the device. We hypothesized that the glue method would 
allow the least amount of displacement, and the entirely mechanical method would allow the greatest 
amount of displacement. 
 
 
 
 
 
 
 
Figure 20: Tightening occurred at two interfaces: Bolt/Device 
and Device/Bone 
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Methods 
 Three methods of fixation were evaluated in this experiment. The first method was the all 
glue fixation. In this method bolts were sent through the device into the bone and tightened with lock 
washers and nuts. Glue was then set between the bolt heads and the device, as well as between the 
device foot-plate and the bone itself. The second fixation method was half glue and half mechanical 
fixation. In this case, glue was placed between the bolt heads and the device foot-plate, while fixation 
to the bone was done solely by tightening the lock washers and nuts. The third fixation method was 
entirely mechanical. In this method, the bolts were placed through the device foot-plates and directly 
fixed with lock washers and nuts. The bolt/ device complex was then sent through the bone and 
tightened washers and nuts. Once fractured, the bones were loaded at 50N in all directions.  
 To analyze, the fractured bones were normalized against their own intact bone bending data at 
the LC position and each direction was separately evaluated. A one-way ANOVA test and t-tests were 
used to do evaluate significant differences between these fixation methods.  
Results 
 The one-way ANOVA test for each direction indicated significant differences in displacement 
between fixation methods. The following charts show the normalized displacements at the LC position 
for 50N loading between different methods of fixation for each direction. 
 Figure 21 shows the displacements of the three fixation methods at LC for negative x. 
Statistical differences were observed between glue/mechanical and mechanical. No significant 
comparisons could be made with the glue method.  
 Figure 22 shows the displacements of the three fixation methods at LC for positive x. 
Statistical differences were observed between mechanical and the other two methods. No significant 
comparisons could be made between the glue and glue/mechanical methods. Figure 23 shows the 
displacements of the three fixation methods at LC for negative y. Statistical differences were observed 
between all three methods of fixation. 
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 Figure 24 shows the displacements of the three fixation methods at LC for positive y. 
Statistical differences were observed between mechanical and glue/mechanical fixation. No significant 
comparisons could be made between the glue and other fixation methods.  
 
Figure 21: Comparison between glue, mechanical, and a glue/mechanical 
combination for fixation in the negative x direction at the load cell position 
 
Figure 22: Comparison between glue, mechanical, and a glue/mechanical 
combination for fixation in the positive x direction at the load cell position 
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Discussion 
 As stated before, the entirely mechanical method of fixation was not effective enough to be 
Figure 24: Comparison between glue, mechanical, and a glue/mechanical 
combination for fixation in the positive y direction at the load cell position 
 
Figure 23: Comparison between glue, mechanical, and a glue/mechanical 
combination for fixation in the negative y direction at the load cell position 
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used in future experiments. It allowed 2.4 – 42.9 times the amount of movement exhibited by the other 
two fixation methods. Although some of the standard deviations were large and the differences were 
not statistically significant, the displacements in glue/mechanical fixation were the smallest. This was 
an encouraging result, because it still allowed the device to be reused and not permanently bonded to 
the bone.  
 In this experiment, there were only 3 cycles and one bone per fixation method. This resulted 
in a very limited data set to analyze and more testing should be done to acquire a more statistically 
meaningful comparison between the entirely glue and glue/mechanical fixation methods.  
 For future design, a possible modification would be to thread the foot-plate holes to eliminate 
slippage between the device and the bolts. After such modification, the only fixation that would need 
to be addressed would be between the device and the bone. If an effective, non-permanent method of 
fixation can be created, this will save time and money when doing repeated testing on different 
cadaver clavicles.  
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Chapter 8: Discussion 
 There were two primary goals for this thesis. One was to develop a system sensitive enough 
to detect changes made in the device, and the other was to identify conditions which would work best 
for future use of the device, as well as illuminate any weaknesses the device may exhibit. 
 Experiment 1 showed that individual bones cannot be compared directly. Biological materials 
are inherently unique and the fixation and attachment to the device and testing system had inherent 
variability. Therefore, all testing on this system had to be normalized to the intact bone rather than 
direct comparison of fracture data. Experiment 2 proved that the bending response of the bones is 
dependent on the direction of loading. All bending data had to therefore be analyzed separately for 
each direction, as well as normalized to the intact bone data. Many loading repetitions are also 
recommended to increase the meaningfulness of the results by having more data.  
 Although the hope was to be able to print customizable, quick, and inexpensive device 
components out of plastic, Experiment 3 determined that aluminum was the better material to use 
when constructing the device. Any future iterations of the device should be made out of either 
aluminum or materials of aluminum-like stiffness. Because the aluminum pieces were chosen as the 
better option for material, it was important to find a method of fixation which could allow the post 
pieces to be reused to conserve time and resources.  
 One large problem that we encountered during the 3rd and 4th experiments especially, was that 
the bolts attached to both the bones and from the bar to the posts, were being stripped due to the fine 
pitch and large forces. It is highly recommended to design the device using larger screws with a 
deeper and courser pitch to avoid stripping.  
 There were some obstacles encountered in the preliminary experiment which were not 
addressed in this thesis. Particularly, the fixation of a device to embalmed human tissue was an issue. 
It is recommended to design an experiment to test the fixation method found to be best on the turkey 
tibia on the embalmed human clavicle. It would also be useful to compare the mechanical properties 
of a human clavicle to those of the turkey tibia. We were very limited in our number of samples we 
could test, and this had a very large impact, especially when interpreting the statistical analysis. It is 
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recommended to repeat the aluminum device experiments with the top two fixation techniques with a 
larger sample size and more loading repetitions to better determine a fixation method with more 
statistical significance. 
 A large governing theory for the first experiments was the classical beam theory equation. 
Although the testing set-up was a form of cantilever bending experiment, there were many 
assumptions that needed to be made in order to apply the beam theory equation. We assumed that the 
set-up was symmetric and had constant cross-section variation. We also assumed that the cross-section 
related to I was always normal to the direction of loading. Rotation was also to be ignored for this 
equation, and the materials were assumed to be isotropic. The testing platform violated many of these 
assumptions. However, we were not interested in the exact numbers, but rather the general 
relationships (increase/decrease) of the deflection with respect to L, E, and I, and therefore accepted 
the violations and still used this bending equation.  
 The turkey tibia provided straight bone on which the device could be easily aligned. 
However, the human clavicle is not as uniform or consistent in its geometry. It is recommended that 
the footplate be redesigned with multiple holes instead of one pair. This may help to fix the device to 
the bone without having to lose the linear alignment of the post faces.  
 Our design of the testing system was successful in being sensitive enough to detect changes. 
This was seen in all four of the experiments, as the resulting displacements support both the 
theoretical trend as well as the observed movements. Although the device was unsuccessful in 
allowing fractured bone to display similar bending results as intact bone, we identified the optimal 
material to use and the areas which needed further improvement.  
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